Introduction
Interferometric crosstalk, also called incoherent crosstalk, occurs when reception of a desired signal is disturbed by undesired crosstalk contributions having the same wavelength as the desired signal but independent amplitudes and phases. This crosstalk type is known to be among the most destructive phenomena in optical networks owing to its accumulative nature and strong impact on the transmission quality. In many cases, interferometric crosstalk accumulation limits the network size [1,2], so it is of great importance to be able to assess the crosstalk impact accurately. Numerical models described in the literature [3-51 can be used for this but their complexity make them cumbersome in day-to-day work. Therefore it is felt that simple but still accurate penalty formulas are needed. In [6] we presented such formulas for the special case of manyin practice more than about 6 -crosstalk contributions.
This earlier work has now been extended significantly by developing new formulas that apply to any number of crosstalk contributions. The new formulas state the crosstalk penalty as a bction of the total crosstalk power, the number of contributions carrying this power and the signal extinction ratio. We consider both PIN and optically preamplified receivers. The authors know of no other published formulas which include the number of crosstalk contributions.
The crosstalk penalty formulas are empirical, and they are based on a numerical model. This model is described briefly along with its experimental verification before the formulas themselves are presented.
Numerical model
First step in the computation of the interferometric crosstalk penalty is the determination of the probability density function ( p m of the total optical power P at the receiver input at a given time instant. The overall bit error probability at optimum decision threshold is then found by combining this pdfand the conditional bit error probability for a given value of P. To find the latter probability, the decision variable in the receiver is assumed to be a Gaussian random variable whose mean is proportional to P, and whose variance is Rl+R$. Here k1 is the thermal noise, and k2P is the signal-spontaneous emission beat noise PIN receiver: k2=0, optically preamplified receiver: k2B>k1). The penalty is the crosstalk caused sensitivity reduction where the sensitivity is defined as the total average power into the receiver giving a bit error probability of l o 9 .
A few comments should be made on the determination of the pdf of P. We consider the simultaneous reception of the desired signal with average power P, and N independent crosstalk contributions each with an average power of W J N where Xis the total relative crosstalk level. P can now be written as follows if it is assumed that signal and crosstalk have identical polarization states, identical extinction ratio r and a mak density of 0.5:
Here s is (2/(l+r))0,5 or (Zr/(l+r))'.' depending on whether the desired signal is "0" or "1". CI.. .CN are independent random variables which represent the amplitudes of the crosstalk contributions. With equal probability they take the values (W/(N(l+r)))'" and (Xr/(N(l+r)))'.'. The phases of the crosstalk contributions are represented by the independent random variables 6 ' 1 . . . 0 , which are uniformly distributed over [0;2n]. Figure 1 shows the computed penalty as a function of the total relative crosstalk level when the crosstalk power is evenly distributed among 1 , 2, 4, 6, 10 and an infinite number of crosstalk contributions. The upper graph is for a PIN receiver (extinction ratio 11.7 a), and the lower graph is for an optically preamplified receiver (extinction ratio 12.0 dB). Naturally. the c w e s show that more crosstalk means higher penalty. But the penalty also increases when a given total crosstalk power is distributed among more crosstalk contributions. This increase saturates, however, at about 6 contributions. In addition to the dependencies illustrated in the figure, it was found that also the signal extinction ratio influences the crosstalk penalty significantly. This can be illustrated by the fact that the ratios of 6, 12 and 20 dB, respectively. Finally, it should be mentioned that the penalty for an optically preamplified receiver is roughly twice. the penalty for a PIN receiver. The accuracy of this rule of thumb increases with decreasing extinction ratio. For extinction ratios below 12 dB and optically preamplified receiver penalties below 3 dB, the accuracy is better than 0.3 dB.
Experimental verification
To verify the numerical model, the crosstalk penalty was measured for 1,2,4 and 6 crosstalk contributions in the setup shown in figure 2: CW light fiom a DFB laser with a linewidth of 48 MHz was modulated with a 23'-1 PRBS at 5 Gbit/s. The modulated signal was split into a desired signal part (follows the upper path) and a crosstalk part which is further split into six crosstalk contributions (follow the six lower paths). Six dispersion shifted fibres were used for decorrelation. Great care was taken to ensure that all crosstalk Contributions had identical power at the input of the receiver, and that they had the same polarization state as the desired signal. Penalties were measured for both a PIN (1 1.7 dB extinction ratio) and an optically preamplified (12.0 dB extinction ratio) receiver. Measured and computed penalties are compared in figure 1 showing an excellent agreement that confums the model.
Empirical formulas
Figure 3 displays empirical formulas that state the crosstalk . penalty in PIN and optically preamplified receiver systems as a function of rdB=lOloglo(r) (extinction ratio in dB), X~=lOloglo(X) (total relative crosstalk level in dB) and the number of crosstalk contributions which carry the crosstalk power, N. The formulas were developed as fits to penalties computed using the numerical model. The fitting is based on penalties computed for rd&, 8, ... 20 dB, X&-33, -32.75, ... -12dB and N=l, 2, 3, 4, 6, 10, 20, 00. The investigated extinction ratio interval [6dB;20dB] is expected to cover the range which is relevant for real world systems. Penalties given by the empirical formulas deviate less than 0.2 dB fiom the numerically computed penalties as long as the penalties are smaller than, respectively, 4 dB and 5 dB for PIN and optically preamplified receivers.
Conclusion
We present new formulas which are useful e.g. when designing optical networks since they make accurate computation of the transmission performance degradation due to interFerometric crosstalk easy. The formulas state the crosstalk penalty as a function of the total crosstalk power, the number of crosstalk contributions and the signal extinction ratio. Both PIN and optically preamplilied receivers are considered. Penalties given by these formulas deviate less than 0.2 dB from penalties found using an experimentally verified numerical model.
